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Philosophy

LAT

,LL// don’t have to be
restricted to measuring
D “QE”, “CCT ™, ...
\pi/ Cross sections
Instead: Topological Analysis
- initial state o’s * final state o's e 1/, +Np where N=0,1,2...
(corrected back to initial state)  (do not correct out FSI) e 11+ 7 +Np

° ctcC.

Neutrino channel definitions are largely 11l defined given the effects of FSI
We want to report what our detector actually sees!
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* Accurate and extremely detailed MonteCarlo generators are needed for comparison
with LAr data

* MonteCarlo Generators: FSI models for Ar need to be cross-checked by comparison
of different MC generators

* FSl in MC codes represent the most difficult present challenge in MC development



How is the analysis done?

¥ Automatic reconstruction+visual scanning

- Particle Identification

- Proton threshold
- Matching with MINOS Near Detector

- final scanned sample includes events with contained protons in fiducial volume

& Efficiency and Purity for different proton multiplicities

evaluated using a full MC simulation (GENIE/Geant4/Larsoft)
- take proton containment into account

& Energy reconstruction with muon kinematics.

(Analysis including proton kinematics in progress, preliminary results will be shown)
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2D display:
time evolution
(vertical axis)

of the “standard” interaction

signal induced

- e wires 1IN neutrinos
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“standard” interaction
1n anti-neutrinos

1 track: p™

v, CC events: pn(0p)



u"- Np events
showing evidence of FSI
and/or
multi-nucleon production (or other etfects)



Vv interaction vertex

: . .
- = “nonstandard’ interaction

Activity around the vertex
e's from nuclear de-excitation y conversion

1500

1 track: -
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&idence of FSI! -«

0

v, CC events: pu~ 0p
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Mee/Z/ -2 accompanying

(44

the leading muon
+7Y activity in the volume
around the vertex
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Muon Reconstruction

ArgoNeUT "
— = B ~ MinosND-
+
o
- : “Analysis of a Large Sample of Neutrino-
" Induced Muons with the ArgoNeuT Detector”
""" w - JINST 7 P10020 (2012)

muon kinematics: ArgoNeuT 3D, ArgoNeuT calorimetric reconstruction +
MINOS ND measurement (momentum and sign)
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STOPPING PARTICLE CALORIMETRIC RECONSTRUCTION
and PID

Kinetic Energy vs. track length
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Example of Low Energy Proton Reconstruction

* Kinetic energy vs track length (data)
* NIST predictions

The short track behaves like proton

Length=0.5 cm .

0

KE=22+3 MeV e

10
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e

proton threshold 1s 21 MeV of Kinetic Energy
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Data Analysis still in progress
Preliminary Results!

Note: Flux in anti-neutrino needs to be studied (no uncertainties included)
MC used for comparison with data: GENIE v3665

Analysis has been focused on lower multiplicity proton events!
(No optimization for higher multiplicities at the moment- in progress)
More 1n depth studies of background effects are ongoing and will be finalized soon

18



Data-MC comparison

Vu = heutrino mode run

No of expected 1mu+np events in FV

o Genie Genie % of «x | DATA % of
Multiplicity Expectation * Total DATA Total
Op+1mu 28+4 16% 15+3 14%
lp+1mu 80£7 47% 5110 48%
2p+1mu 2344 13.4% 28+6 26%
3p+1mu 1443 8.3% 1343 12%
4p+1mu 8+2 4.5% 0 0
TOTAL
+ - + -
(including >4p) 172+10 10712

*statistical errors
** stat.+syst. errors- preliminary

T

Data 38% lower

Events

80
— All flavors/interactions

70 NC/WS

60 v, CCQE

501~ v, CCDIS

40—

30—

20

10— —
- I—- | p—|

[y ———— N s m—— ——— N —— . S

0 2 4 6 8 10 12 14

# of protons
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u- Np events - MC predictions (lI)
GENIE-FLUKA comparison

with 21 MeV proton threshold

W~ GENIE v3665 W~ FLUKA*

Multiplicity | % of Total % not CCQE Multiplicity | % of Total % not CCQE
Imu+0p 16.3 0 Imu+0p 16.5 2.7
Imu+1p 47 7.8 Imu+1p 51.2 10
Imu+2p 13.4 57 Imu+2p 16.4 73
Imu+3p 8.3 80 Imu+3p 10.8 93
Imu+4p 4.5 85 Imu+4p 3.6 95
Imu+5p 3 65 Imu+5p 1.1 97
Imu+6p 0.6 100 Imu+6p 0.28 97
Imu+7p 1 100 Imu+7p 0.08 99
Imu+8p 2.5 100 Imu+8p 0.02 100
Imu+9p 1 70 Imu+9p 0.008 97
Imu+10p 0.3 100 1mu+10p 0.003 100

Imu+Np 33

MC agreement on % of total, but very different 7% of not CCQE

(could be as large as ~30%, according to MC)

*kindly from G. Battistoni (priv. comm.)
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u- Np events - MC predictions (ll)
GENIE-FLUKA comparison "
21 MeV proton threshold GiBUU

- GENIE v3665 1L~ FLUKA*

Multiphcity % of Total % not CCQE Multiphicity % of Total % not CCQE % of Total l % not CCQE I
Imu+0p 16.3 0 Imu+0p 16.5 2.7 19.0 29
Imu+lp 47 7.8 Imu+lp 512 10 41.0 36.5
Imu+2p 134 57 Imu+2p 164 73 20 57 .
Imu+3p 8.3 80 Imu+3p 10.8 93 11.0 95
Imu+4p 45 85 Imu+4p 36 95 5.0 05§
Imu+5p 3 65 Imu+5p 1.1 97 l 2.5 100
Imu+6p 0.6 100 Imu+6p 0.28 97 1.2 100 .
Imu+7p l 100 Imu+7p 0.08 99
Imu+8p 2.5 100 Imu+8p 0.02 100
Imu+9Yp 1 70 Imu+9p 0.008 97 l
Imu+10p 0.3 100 Imu+10p 0.003 100

Imu+Np 33 | n) | I
MC agreement on % of total, but very different 7% of not CCQE Very different

(could be as large as ~30%, according to MC) % from not CCQE

*kindly from G. Battistoni (priv. comm.)

(50%)!!

*thanks to O. Lalakulich for
making simulations
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Vi

- NUMI neutrino mode run|

Multiplicity

Genie

Genie % of

Total

DATA

DATA % of

Total

DATA/MC

ratio

Op+1mu

28+4

16%

1543

14%

0.53

Ip+1mu

80+7

47%

51+10

48%

0.63

2p+1mu

23+4

13.4%

28+6

26%

1.22

3p+1Imu

14+3

8.3%

1343

12%

0.93

4p+1mu

8+2

4.5%

0

0

TOTAL
(including >4p

172+10

107+12

0.62

U1 DATA-MC COM

PARISON

lots of infos

1ot yetl processed, e. GE

j

(0p/1p)paTa=0.29
(0p/1p)cenie mc=0.35
(0p/1p) FLuka =0.32

T

—

DATA-MC quite in agreement on % of total

v u

- NuMI neutrino mode run

v, statistics is very low In

neutrino-mode run

(1p/0p) FLuka =0.35

S

I
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Data-MC comparison
w-/ut(DATA)=0.36

Vu - anti-neutrino mode -/t (MC)=0.36
Multiplicity Genie Genie % of DATA DATA % of
Total Total
Op-+1mu 55311 60% 422+42 58%
Ip+1mu 1606 17% 26653 37%

2p+imu 684 7% 3046 % data 21% IOWCI’
3ptl 5043 5% 3+1 7%

4pﬂmu — /4%//.%1/ A(V/
p+1mu 4%
= y —

TOTAL
ncluding >dp) | 925%15 - 72768 -

Vyu = anti-neutrino mode run

Genie % of DATA DATA % of

Multiplicity Genie

Total Total
Op+1mu 46+3 14% 60+12 23%
1p+1mu 163+6 48% 154431 59%

2p+1mu 4623 13.6% 3347 /;3%/—7 data 23% lower
3p+1mu 23+2 7% 2‘% 5%

4p+1mu 162 /5%/ 4+1 /5‘/0/
= =

337£9 - 260+34 -

TOTAL
(including >4p)

23



Data-MC comparison

Vu - anti-neutrino mode

Multiplicity Genie Genie % of DATA DATA % of
Total Total
Op+1mu 553+11 60% 422442 58%
Ip+1mu 160+6 17% 266+53 37%
2p+1Imu 68+4 7% 3046 4%
3p+1mu 50+3 5% 3+1 0.4%
4p+1mu 3243 4% 341 0.4%
TOTAL
ncluding>4p) | 925+13 : 727+68 :

u-/u*(DATA)=0.36
u-/u*(MC)=0.36

<€— this is closest to MiniBooNE selection

(muon and any # nucleons)
<€ this is closest to MINERVAV QE selection

Vyu = anti-neutrino mode run

Multiplicity Genie | Cemie%of | para DATA % of
Total Total
Op+1mu 46+3 14% 60+12 23%
1p+1mu 163+6 48% 154+31 59%
2p+1mu 46+3 13.6% 3347 13%
3p+t1mu 23+2 7% 0+2 3.5%
4p+1mu 1642 5% 4+1 1.5%
TOTAL
(including >4p) 3379 ) 260+34 )

and SciBooNE selection
(1+2 track QE)

}(—- this is closest to NOMAD

<€— this is closest to MiniBooNE selection
(muon and any # nucleons)
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_UT

DATA % of

DATA-MC COMPARISON (1)

Lots of infos
1ot yetl processed, e.

u-/u*(DATA =.O.36
uw-/u*(MC)=0.36
(1p/0p)paTA=0.63
(1p/0p)mc=0.29

Op events:
(wt/n-)paTa=7
(u+/w)mc=12

(0p/1p)paTa=0.39
(0p/1p)mc=0.28

S

T—

events

Multiplicity Genie Genie % of | - pATA DATA/MC
Total Total RATIO
Op+1mu 553+11 60% 422+42 58% 0.76
Ip+1mu 160+6 17% 266+53 37% 1.66
2p+1mu 68+4 7% 3046 4%, 0.44
3p+1mu 5043 5% 341 0.4% 0.06
4p+1mu 3043 4% 341 0.4% 0.09
TOTAL 925+15 ; 727468 ; 0.79
glncludmg >4D
Vy. - anti- neutrlno mode run (u 1
u11p101ty Genie ‘Genie % of | T DATA % of | DATA/MC
Total Total RATIO
Op+1mu 46+3 14% 60+12 23% 1.3
Ip+1mu 163+6 48% 154+31 59% 0.94
2p+1mu 4643 13.6% 3347 13% 0.71
3p+Imu 2342 7% 0+2 3.5% 0.39
4p+1mu 1642 5% 4+1 1.5% 0.25
 TOTAL 33749 - 260434 - 0.77
(including >4D

’ ratio OP

Useful for FSI studies: indication of nucleon charge
exchange in Ar nuclei, less dependent (at 1st order)
on multinucleon production
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ARGONEUT

Vi - anti-neutrino mode run
+

500

Events

400 |

300 ‘

200 —

100

0 1 2 3 4 5 6 7 8 9 10
proton multiplicity

ArgoneuT data 727:68

Genie 925+15
Genie: 626 CCQE events

(+ 33% contribution from not CCQE)
NUANCE: 636 CCQE events

*Ratios among rates of different proton multiplicities in DATA don’t agree with MC,

in particular for Vv,

DATA-MC COMPARISON (11

vV, - anti-neutrino mode run

wp

0 1 2 3 4 5 6 7 8 9 10
Proton Multiplicity

‘ArgoneuT data 26034

Genie 3379
Genie: 230 CCQE events

(+ 32% contribution from not CCQE)
NUANCE: 230 CCQE events

*MC agreement on total number of CCQE events
eLarge (~30%) contribution from not CCQE events (FSI)
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Started reconstruction of protons and looking at their
kinematics
( on subsample, analysis 1n progress)

27
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Proton Length and Kinetic Energy from GENIE,
nu 1n anti-nu mode

Length:

Kinetic Energy:

Proton length for 1mu+1p, mu- anti-nu mode I Entries 268 I Proton length for 1mu+2p, mu- anti-nu mode I Entries 116 Proton KE for 1mu+1p, mu- anti-nu mode I Entries 268 I Proton KE for 1mu+2p, mu- anti-nu mode I Entries 116 |

[ Mean 7.388 Mean 5.448 [§ C Mean 87.17 0.25 Mean 69.75 |

0.5F j 0.18F- i Z

- RMS 8.689 0.6 rRMS  7.2|8 - RMS 65.04 [ RMS 509
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lu+1p neutrino sample 1n anti-nu mode

proton length, imu+1p nu sample in anti-nu mode

proton KE, 1mu+1p nu sample in anti-nu mode
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Proton Length and Kinetic Energy from GENIE,
anti-nu 1n anti-nu mode

Length:

Kinetic Energy:

I Proton length for 1mu+1p, mu+ anti-nu mode I Entries 349 I Proton length for 1mu+2p, mu+ anti-nu mode I Entries 256
u Mean 5.198 0.8 Mean 3.438
0.6[~ C
- RMS 5.903 0_7:_ RMS 3.699
0.5F -
[ 0.6~
0.4f 1 0.5F 2
. p 0.4F p
0.3 C
- 0.3F
0.2~ C
[ 0.2
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[ 0.1
G IIIIIIIIIIIMIII Layyol 1 0-
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
length [cm] length [cm]
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L Mean 2.839 u Mean  3.823
0.8 [
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lp+1p anti-neutrino sample 1n anti-nu mode

proton length, Tmu+1p anti-nu sample in anti-nu mode proton KE, Tmu+1p anti-nu sample in anti-nu mode
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Higher multiplicity comparisons 1n progress,
also angular distributions



Neutrino Energy Reconstruction

2MNE, —m, 1 kinematics
— 2( My — E“ —+ Dy, COS 6 M) automatic reconstruction

Ey

|

costy, = (E, — p,cos0,,)/pn

E, = p, cosb, + pn cos by, p + p kinematics

semi-automatic reconstruction

We can compare the two
methods!
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Reconstruction of 1ulp events

Low charge High charge

T Tl

time 2500
(ticks),
1600
1400
1200

1000

100 120 140 1% 180

Induction plane wire

T (MeV)

0 20 40 60 B0 100 120 140

Collection plane wire

160 180

u- escaping ArgoNeuT (and reaching MINOS-ND downstream)

/-.. treea
- o - - //,/"’"”' "’V'—-'-,—
| P T
i \ :
vore )
> = S . . :
//// a ¢ e
> .
= / o

N\

Full neutrino event reconstruction with 3D ArgoNeuT—h7II_l\l_6§ ND track matching
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Conclusions

@ ArgoNeuT provides capability to identify and reconstruct exclusive
topologies with low proton threshold (21 MeV)

¢ Enormous amount of information can be extracted, we are learning how
to deal with each topology (e.g. multi-proton events)

¢ Proton multiplicity at the neutrino interaction vertex with presence of
secondary particles in ArgoNeuT events and ratios among rates of different
exclusive topologies provide indications on the size of nuclear effects in
LAr, like FSI (and multi-nucleon production) in the few GeV energy

region.
& The generators predict vastly varying amounts of proton emission.

The ArgoNeuT data can provide an important discriminator among models.
This 1s the first time we’ve had this type of data available to help guide us.
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Flux for nu-mode
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Figure 8.5: The flux employed in the simulation and the flux employed in the analysis with a linear

(left) and log (right) y-axis scale.

from ).Spitz’s thesis

The simulation and analysis fluxes are the same from 0-3 GeV.

| Flux reweighting function |

1.2

-ITIIIIIITITI'ITI

11

UII'III

The flux re-weighting function, or analysis flux divided by simulated flux.

49



Proton threshold
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Calorimetry Example
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